The biological and physiologic maturation of the lung in the primate M a c a c a nemestrina (pigtail monkey) from 1 0 7 days of gestation through term is the subject of this report. Total lung volume increased approximately 1CO% during the last 20% of gestation (Fig. 1) . The increase from 30% to 85% of total lung volume a t a deflation pressure of 1 0 cm H,O indicates a marked change in lung stability during the last 30-40 days of gestation (Fig. 2) . Lung phospholipid per g dry weight of lung more than doubles during the last 20% of gestation (Fig. 3 ). This increase in phospholipid is due almost entirely to a n increase in lecithin, and surface active material (SAM) lecithin accounts for the major part of this increase (Figs. 4 and 5 ). The increases in total lung and SAM lecithin parallel but precede the increase in lecithin in amniotic fluid (Fig. 6) . A s lung SAM increases the amniotic fluid lecithin t o sphingomyelin ratio also increases ( Fig.  7 and Table 1 ). Low ratios of lecithin t o protein in SAM are found before 135 days of gestation. Subsequently, the amount of lecithin increases and, although protein also increases, the ratio increases 4-fold (Fig. 8) . The amount of lung required t o reduce surface tension of 1 cm2 t o 1 2 dynes tended to decrease with advancing gestational age ( Fig. 9 and Table 1 ). Parallel studies of airway generation demonstrate a similarity t o the human fetal lung. Thus, the structural, compositional, and physiologic changes described in our studies strongly support the use of the fetal monkey for studies of developmentally related disorders of the human lung.
Summary
The biological and physiologic maturation of the lung in the primate M a c a c a nemestrina (pigtail monkey) from 1 0 7 days of gestation through term is the subject of this report. Total lung volume increased approximately 1CO% during the last 20% of gestation ( Fig. 1) . The increase from 30% to 85% of total lung volume a t a deflation pressure of 1 0 cm H,O indicates a marked change in lung stability during the last 30-40 days of gestation (Fig. 2) . Lung phospholipid per g dry weight of lung more than doubles during the last 20% of gestation (Fig. 3 ). This increase in phospholipid is due almost entirely to a n increase in lecithin, and surface active material (SAM) lecithin accounts for the major part of this increase (Figs. 4 and 5). The increases in total lung and SAM lecithin parallel but precede the increase in lecithin in amniotic fluid (Fig. 6) . A s lung SAM increases the amniotic fluid lecithin t o sphingomyelin ratio also increases ( Fig.  7 and Table 1 ). Low ratios of lecithin t o protein in SAM are found before 135 days of gestation. Subsequently, the amount of lecithin increases and, although protein also increases, the ratio increases 4-fold (Fig. 8) . The amount of lung required t o reduce surface tension of 1 cm2 t o 1 2 dynes tended to decrease with advancing gestational age ( Fig. 9 and Table 1 ). Parallel studies of airway generation demonstrate a similarity t o the human fetal lung. Thus, the structural, compositional, and physiologic changes described in our studies strongly support the use of the fetal monkey for studies of developmentally related disorders of the human lung.
Speculation
Biochemical and functional maturational changes in the fetal M . nemestrina indicate its suitability for studies of developmentally related pulmonary disorders of the human. Premature delivery by cesarean section between 1 3 0 and 1 4 0 days should provide a satisfactory homolog for hyaline membrane disease.
Body and lung growth in the primate M. nemestrina in the last third of gestation has been described in a previous paper (19) . The biochemical and physiologic maturation of the lung in this primate from 107 days of gestation through term (168 days) is the subject of this report. Boyden (3) has shown that develop ment of the terminal air sacs and airways in M. nemestrinn closely resembles that of the human. Maturational events in the primate M. nernestrina are presented, demonstrating the suitability of this primate for studies of human fetal lung development and clinically associated abnormalities.
MATERIALS AND METHODS
The lungs of 23 fetal and 2 newborn M. gemestrina were obtained as previously described (19) . In most cases, either the 1 right upper lobe or the medial basal (rose) lobule was removed for microscopic studies. Static pressure volume curves were obtained from the remaining lung. Deflation volumes after the second inflation were recorded at intervals between 35 and 0 cm H 2 0 transpulmonary pressure (4) . Weights of the individual lobes were then obtained and samples were taken for determination of percentage of dry weight. The right and left lungs (upper and lower lobes combined) were homogenized separately in 0.145 M NaCI, 0.01 M Tris, and 0.001 M E D T A , p H 7.4. Homogenization was usually completed within 3 0 min of time of death. Aliquots of the homogenates were taken for determination of protein, hemoglobin, and D N A (19), and the remainder of the homogenates was used immediately for lipid extraction and isolation of SAM.
Surface active materials were isolated from lung homogenate by a modification of the method of Frosolono et al. (13) . A n aliquot of the lung homogenate was layered over 1 0 ml of 0.75 M sucrose in homogenization solution and centrifuged at 48,000 x g for 40 min in a Sorvall SS-34 rotor at 0 ' . Material at the interface was carefully removed with a disposable pipette, washed in distilled HzO, and centrifuged at 48,000 x g for 20 min. The washing and sedimentation were repeated and the sediment (designated SAM) was resuspended in water. The SAM thus isolated presumably represents materials from both intra-and extracellular compartments of the lung. Protein in SAM was measured by the method of Lowry (27) . Qualitative and some semiquantitative determinations of the surface activity of SAM isolates were made on a modified Wilhelmy surface balance at room temperature (6) . Aliquots of SAM were spread on clean Ringer solution, pH 7.4, from a suspension of isopropyl alcohol-SAM, 1:l (vlv) a t room temperature. For the semiquantitative assays, the weight of lung required to yield the smallest aliquot of SAM which would reduce surface tension of 1 cm2 to 12 dynes/cm was calculated (6) . This was divided by the surface area at 1 2 dyneslcm. The quotient is the surface concentration for lung weight and is inversely related to the amount of S A M present in the lung tested. Since this technique was developed during the progress of this study, data were obtained from only four animals.
Lipids were extracted from lung homogenate and from lung surface active material according to the method of Morgan and Edmunds (29) , except that extracts were taken to volume in 2-:1 (v/v) chloroform-methanol containing 0.05% butylhydroxytoluene (BHT) to prevent oxidative degradation of the lipids. Amniotic fluid was centrifuged at 250 x g for 5 min. One volume of supernatant was added to 1.25 vol methanol in a separatory funnel and mixed. After 20 min 1.25 vol chloroform were added, the contents mixed again by shaking, and after 1 0 min another 1.25 vol chloroform were added. The phases were separated at 4'. The lower phase was removed to a round bottomed flask and the upper phase extracted with 2.5 vol chloroform. The combined lower phases were dried in vacuo and i 7 stored at -20' in 2:l chloroform-methanol containing 0.05% BHT.
The lipid extracts were analyzed for phosphorus by the Bartlett method (2), modified by using perchloric acid instead of sulfuric acid for digestion (7) . Phospholipids were separated by thin layer chromatography on silica gel H (Merck-Darmstadt) in a solvent system of chloroform-methanol-H,O 65:25:4 (vlv). The spots were visualized with iodine vapor, identified by comparison with the migrations of known standards, scraped into tubes, and assayed directly for phosphorus (35) . Minimum disaturated lecithin determinations were performed as follows: lecithin was separated from the total lipid extract by thin layer chromatography on silica gel H R , identified with dichlorofluorescein and ultraviolet light, and scraped into centrifuge tubes. The gel was eluted three times with 2 ml developing solvent. An aliquot of the eluted lecithin was set aside for determination of total lecithin fatty acids. The remainder was dried under N, and treated with Naja naja venom according to the method of Long and Penny (28) . After hydrolysis the ether layer was removed and the aqueous layer was extracted with 6 ml 2:l chloroformmethanol. The lower chloroform layer was combined with the ether extract, dried under N,, and rechromatographed on silica gel H R . This chromatogram also served as a check on the completeness of hydrolysis of the lecithin. The lysolecithin and free fatty acids were visualized, scraped, and eluted. Methanolysis of total lecithin, lysolecithin, and free fatty acids was performed by the method of Ways et al. (39) . The hexane extract was washed once with 1 0 ml H 2 0 before being concentrated and injected on a Barber-Colman 5000 gas chromatograph. The percentage of distribution of individual fatty acids derived from the total (nonhydrolized) lecithin and from the hydrolysis products were compared by the formula:
This comparison served to check on possible degradative changes to fatty acids during hydrolysis or subsequent chromatographic separation. Agreement within + l o % was required for acceptance of these data for calculation of minimum disaturated lecithin. Minimum disaturated lecithin was determined from the product: (5% a saturated fatty acid) -(% fi unsaturated fatty acid) x (mg lecithin).
RESULTS
Pressure-volume curves were obtained in 19 fetal animals and 1 newborn. Deflation curves were markedly different for the animals over the range of ages studied. For clarity in presentation the animals are grouped by gestational age: immature (1 15-130 days), transitional (135-149 days), and mature (153-168 days) (Fig. 1) . The mean deflation volumes at 10 cm H,O airway pressure are 3.8, 16.1, and 23.4 cc/g dry weight, respectively. These differences at 1 0 cm H 2 0 pressure were significant, comparing immature with the transitional group, P < 0.001, and transitional with the mature group, P < 0.05. The groups were not significantly different at zero pressure; the mean volumes were 0.3, 3.4, and 7.1 cc/g dry lung, respectively. The deflation characteristics, expressed as percentage of total lung volume are illustrated in Figure 2 . The percentages of maximum lung volume at 1 0 cm H,O pressure for the three groups are 30, 71, and 85%, respectively, and these differences were significant, comparing immature with the transitional group, P < 0.001, and transitional with the mature group, P < 0.025. The deflation curve for the one newborn animal (72 hr postnatal age) was identical to the curve of the mean values of percentage maximum volume for the mature fetal group. Its lungs contained about one-fourth more air at maximum volume than the mean of the mature fetal group. The largest maximum lung volume occurred in a fetal animal of 160 days of gestation.
Lung phospholipid per g dry weight of lung more than doubles during the last 20% of gestation (Fig. 3 ). This increase in phospholipid is almost entirely due to the increase in lecithin, which accounts for almost 70% of the total phospholipid at term, but for only 45% of the total phospholipid before 135 days gestation. Minimum disaturated lecithin increases from 10% of the total phospholipid (22% of the lecithin) before 135 days to 29% of the total phospholipid (44% of the lecithin) at term. The most striking increase occurs in the SAM lecithin (Figs. 4 and 5) , which comprises 4 % of the total phospholipid before 135 days and 33% of the total phospholipid at term: a 16-fold increase in the amount of SAM lecithin per g dry weight of lung. The increase in lung lecithin is due almost entirely to the increase in SAM lecithin. (Fig. 6 ) . As lung SAM increases, the ratio of lecithin-sphingomyelin (L/S) lipid phosphorus in amniotic fluid also increases ( Fig. 7 and Table 1 ). The ratio of lecithin to protein in SAM isolated by density gradient centrifugation is shown in Figure 8 . Qualitative surface tension area measurements were made o n SAM isolated from 14 animals ( Table 1 , Fig. 9 ). Minimum surface tensions were 12 dynes o r less in one of three animals in the immature group, four of five animals in the transitional group, and six of six animals in the mature group. We were also able to apply a semiquantitative method developed late in the course of this study to four of these animals. Surface concentrations at 145, 149, and 159 days of gestational age and in a fluid L/S ratio were also consistently low in this animal (Table  1) .
DISCUSSION
The development of volume stability, the increase in lung phospholipids, and the differentiation of type I1 alveolar epithelial cells are events necessary for successful adaptation of the fetal lung to air breathing. Prior studies in other species have focused on the development of pressure-volume stability of fetal lungs and surface activity of fetal lung extracts. Initial studies in the mouse (5) suggested that surfactant appeared suddenly at about 90% of gestation. Similarly, rapid increases have been described in the rat (38) and rabbit (18) , occurring at about 87% of gestation. More extensive studies have been completed in the fetal lamb which describe an increase in lung phospholipid (4), appearance of the osmiophilic inclusion bodies in type I1 alveolar epithelial cells (23, 34) , an increased surface activity of lung extracts (4). pressure-volume stability (4). and increased amniotic fluid lecithin (37) with advancing gestational age.
Data from human studies (17, 20) suggest that changes in pulmonary phospholipids and maturity occur between 70% and 80% of gestation. The results of studies of human lungs obtained at autopsy from abortuses on infants are difficult to interpret because of autolytic changes occurring between death and the time when tissue is available for analysis. In attempts to obtain an experimental animal model more comparable to the human and to avoid the problems associated with human studies, investigators have recently studied the rhesus monkey. Morphologic studies (3, 22) suggest similarities between the monkey and the human. Kerr and Helmuth (21) have demonstrated an increase in palmitic acid on phosphatidylcholine between 125 and 150 days with a more marked rise after 150 days. Studies by Epstein et al. (9, 10) and Farrell et al. (12) show an increase in lecithin beginning at about 140 days of gestation consistent with the present study. Choline incorporation into lecithin increased between 148 and 153 days (8, 12) . The changes in lung lecithin, therefore, appear to occur between 75% and 85% of term, more closely resembling the human than previously studied mammalian species. Gluck et al. (14) have compared L/S ratios in the baboon to the rhesus monkey and conclude that the monkey more closely resembles the human. Kling (26) , however, demonstrated changes in baboon amniotic L/S ratios comparable to that seen in the human (15, 16) . There is no evidence at present to suggest any major differences between the two Maccrcn species, mltlatta and nemestrinn, in fetal lung development.
Modeling studies of airway generation by our colleague, Boyden (3), show that airway development of M. nemestrina is similar to the human fetal lung. Since airway development is complete prior to 110 days, proliferation of the terminal air sacs o r potential "alveolar" development would be expected over the last third of gestation. The pressure-volume curves in this study (Fig. 1) describe an increase in total lung volume of approximately 100% during the last 2 0 % of gestation. In addition to the increase in total lung volume, there is a marked change in the stability of the lung, as seen in Figure 2 . For example, the increase from 30% to 85% of total lung volume at a deflation pressure of 10 cm H,O pressure suggests that development of stable air spaces occurs during the last 30-40 days of gestation. This process may be largely completed by I 5 0 days of gestation. Development of alveoli in the terminal clusters o r "racemes" requires an increase in the number of epithelial cells as well as differentiation of these cells. H~stologic studies, including electron microscopy, of changes associated with alveolar development will be the subject of a separate report (31) .
We have demonstrated in these experiments in the M. nemestrina fetus that phospholipids, lecithin, and minimum disaturated lecithin increase in the developing lung (Fig. 3) , with a rapid increase in lung lecithin during thc last 30-40 days of gestation. This suggests that either cell membrane lecithin continues to increase, or more likely, that the biosynthesis and/or storage of surfactant is increasing rapidly. The latter hypothesis is consistent with microscopic evidence that lamellated organelles appear in the type I1 alveolar epithelial cells late in gestation (23, 31) . This hypothesis, particularly with respect to the increase in the saturated lecithin content of lung, is also consistent with the increase in stability of the lung described above.
The method used to estimate SAM in this study has limitations. The materials were recovered from lung homogenates and presumably represent SAM from both the intra-and extracellular locations. A compartmental distribution of SAM and changes in that distribution during gestation cannot be estimated from these data. Although lipids extracted from whole lung differ from lipids from airway lavage (30), SAM isolated from lung homogenate and airway lavage by density gradient and differential centrifugation (24, 3 6 ) is very similar in phospholipid composition and surface activity. The method used in this study yields materials which are enriched in disaturated phosphatidylcholine and lowers surface tension of an air-liquid interface to less than 1 0 dynes/cm. Also, the increase in SAM lecithin corresponds to the increase in volume stability during gestation. For thcse reasons we believe that this method allows us to recover a fraction representative of the surfactant complex and may be used to study changes during gestation.
It appears that the increase in total lung lecithin after 135 days is primarily due to the increase in lecithin in the SAM fraction (Figs. 4 and 5) . When SAM lecithin was subtracted from total lung lecithin, the non-SAM lecithin in lung increased minimally with advancing gestational age (Fig. 5) .
The increases in total lung and SAM lecithin parallel but precede the increase of lecithin in amniotic fluid (Fig. 6 ). This suggests that SAM is synthesized in lung and that storage and/or secretory events occur before SAM is released into the amniotic fluid from the future air spaces via the tracheal fluid. O u r results are consistent with those of King et al. (25) , who have demonstrated concomitant increases in SAM apoprotein and lipid in the amniotic fluid of the human infant. The increase in the ratio of lecithin to protein in SAM which we have demonstrated is consistent with the hypothesis that apoprotein is synthesized first by the lung cells and that the lipid components are then added to form the lipoprotein complex, which is later released into the tracheal fluid. A hypothetical sequence of events in the development of the surface active complex is illustrated in Figure 10 . Prior to 120 days apoprotein may be present in low concentration at which time SAM lecithin and disaturated lecithin content is minimal. After 130 days of gestation the apoprotein-lecithin complex can be isolated and the amount of this complex increases throughout the last portion of gestation. The amount of lecithin in the amniotic fluid increases about 10 days later (after 140 days of gestation) and increases rapidly to term.
Description of the morphologic development (growth of airways, alveoli, and blood vessels) is lacking in other studies of fetal lung development. Thus, the structural, compositional, and physiologic changes described in our studies and those reported in the l i t e r a t u r e s t r o n g l y support t h e use o f t h e f e t a l m o n k e y l u n g f o r s t u d i e s o f d e v e l o p m e n t a l l y r e l a t e d d i s o r d e r s o f the human l u n g . For e x a m p l e , a l t h o u g h a d v a n c e s h a v e been made in unders t a n d i n g the p a t h o p h y s i o l o g y o f h y a l i n e m e m b r a n e d i s e a s e (1 1). information a b o u t s e q u e n t i a l q u a l i t a t i v e and q u a n t i t a t i v e changes i n SAM f r o m human i n f a n t s has n o t been o b t a i n e d . S t u d i e s on t h e r a p e u t i c measures such as p r e v e n t i o n o f prema- 4. There was a marked i n c r e a s e i n l u n g p h o s p h o l i p i d c o n t e n t , mainly due to an increase in lecithin, particularly SAM lecithin.
5. The rise in lecithin in a m n i o t i c f l u i d begins a p p r o x i m a t e l y 10 days after t h e increase in l u n g lecihtin. The increase in a m n i o t i c f l u i d lecithin is a c c o m p a n i e d by an i n c r e a s e i n t h e L/S ratio.
6. The lecithin to p r o t e i n ratio of SAM increases 4-fold a f t e r 135 d a y s o f g e s t a t i o n . This i n f o r m a t i o n , a l o n g w i t h parallel s t r u c t u r a l studies (3), Bilirubin n e o n a t e jaundice p h o t o t h e r a p y The rate-limiting step of a major component of the mechanisms of phototherapy of hyperbilirubinemia may be the diffusion of bilirubin from blood to sites in the skin o r the associated diffusion of bilirubin photoproducts out of the skin into the blood (6, 14) . These diffusion processes occur slowly relative to the rapid (<1 0-n sec) photochemical reaction of light with bilirubin (3, 8) . We postulate that the light dosage inherent in continuous phototherapy may exceed that necessary to lower serum bilirubin concentration in neonatal jaundice and hypothesize that intermittent phototherapy may be equally as effective as continuous illumination. This study evaluates the effectiveness of three intermittent phototherapy schedules in reducing the serum bilirubin concentration of adult homozygous Gunn rats. 
Effect of Intermittent Phototherapy on Bilirubin Dynamics in Gunn Rats

MATERIALS AND METHODS
Dorsally shaved adult homozygous Gunn rats were used for all experiments and phototherapy was administered using six Westinghouse Special Blue narrow spectrum fluorescent lamps (no. F20T12BB, Westinghouse Electric Company, Pittsburgh, Pa.). At the level of the rats these lamps produced a radiant flux (irradiance) of 0.014 mW/cm2 at 310-390 nm; 1.0 mW/cm2 a t 410-500 nm; 0.15 mW/cm%t 500-565 nm; and 0.045 mW/cm2 at 635-700 nm, as measured with a light meter constructed by one of us and calibrated against a fluorescent lamp at the National Bureau of Standards (1, 16) .
CONTINUOUS PHOTOTHERAPY
T o determine the effect of continuous phototherapy an experimental group of six rats was studied during three 10-day periods: period 1, a control period of darkness; period 2, a period of continuous exposureto the phototherapy lights; and period 3 , a recovery period identical to the control period. A control group of two male and two female rats remained in subdued light ("dark") for 3 0 days. During the control periods referred to a s "dark," the mean irradiances were 0.0008 mW/cm2 at 310-390 nm; 0.01 mW/cm2 at 415-465 nm; 0.01 mW/cm2 at 500-565 nm; and 0.005 mW/cm2 a t 635-700 nm derived primarily from low level, indirect white fluorescent room lights.
I N T E R M I m E N T PHOTOTHERAPY
Six female experimental rats were studied during seven 10-day periods. These periods were: ( I ) a control period of darkness, (2) a 30-min light/30-min dark (30L130D) phototherapy period, ( 3 ) a recovery period in the dark, (4) a 6-min light/6-min dark (6L/6D) phototherapy period, (5) a recovery period in the dark, (6) a 6-min light/l8-min dark (6L/18D) phototherapy period, and (7) a recovery period in the dark. Simultaneously, four control rats received no phototherapy; however, on the last day of the second recovery period (period 5) one control rat died.
A t the beginning of each experimental cycle, after 8 hr, and
